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ABSTRACT

Earthquake data and phase and an;plitude responses measured at both the
fixed and free ends of the horizontal strain seismometer show no dis-
crepancies that would explain the apparent loss of motion between the ends
during calibration. The capability of the long-period horizontal strain and
inertial seismographs to operate as a matched pair has been demonstrated.
The ability' of the long-period strain directional array to discriminate
betweenssurface waves arriving simultaneously from different epicenters
was also successfully demonstrated. A comparison of data from vertical
strain seismometers interchanged in the steel-cased and plastic-cased
boreholes indicates the problem of low coherence of strain signals between
the two boreholes is caused by one of the strain instruments rather than
differences in the boreholeX A seismic model for Wichita Mountains
Seismological Observatory (WMSO) wis hypothesized for the longitudinal
wave velocity and for the shear wave velocity from the surface to below
the Mohorovicic discontinuity. An evaluation is given of the variable-
capacitance transducer as a calibration monitor and as a transducer for
recording seismic data.
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Quarterly Report No. 9, Project VT/5081
1 July to 30 September 1967

1. INTRODUCTION

This report discusses technical (indings and accomplishments in a program
of strain seismology performed under Contract AF 33(657)-15288,

S/A No. 2, in the period 1 July to 10 September 1967. The work reported
herein primarily covers development of a system of 3-component strain
and 3-component short-period inertial seismographs having matched
amplitude and phase responses in the frequency range 0.01 - 10 Hz.

This report is submitted in compliance with Item A002 of Contract Data
Requirements List, Contract AF 33(657) -15288, S/A Nc. 2. The report is
presented in the same sequence as the tasks in the Statement of Work, The
Statement of Work is included as appendix 1.

During the reporting period, the fecllowing objectives received emphasis:

a. Evaluation of the variable-capacitance transducer;

b. Amplitude and phase measurements at the fixed and free ends of
the strain seismometers, to investigate apparent loss of motion in the strain
rod;

c. Evaluation of the long-period strain directional array;

d. Comparison of theisteel-cased and plastic-cased boreholes;

e. Formulation of a seismic velocity model for WMSO,

Major accomplishments were as follows:

a. Specifications and drawing package of the variable-capacitance
transducer were completed; :

b. Phase and amplitude responses were mezsured at both the fixed
and free ends of the horizontal strain seismometer and found to show no
anomalies explaining the apparent loss of motion between these points during
calibration. Measurements from earthquake data also fail to support the
existence of a loss;
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d. The ability of the long-period strain directional array to enhance
earthquake waves arriving from one direction in the presence cf surface
waves of an earthquake from another direction was successfully demonstrated;

e. Data from seismometers inte rchaaged in the steel-cased and
plastic-cased boreholes indicate the problem of low coherence of strain
signals between the two boreholes is caused by the seismometer in the
plastic-cased burehole rather than by diiferences in the borehole;

f. A seismic model for WMSO was cornstyucted.

2. INSTRUMENTATION DEVELOPMENT

2.1 VARIABLE CAPACITANCE TRANSDUCER

2.1.1 General

The variable-capacitance transducer (VCT) is 1 device used to measure
displacements of millimicron magnitude which are normally associated
with strain seismometers. Figure 1 shows the vertical strain, VCT
Package installed in a test jig. In operation, displacement causes a change
in capacitance between iwn plates, This change, in turn, causes a voltage
change across an LC tank circuit tuned near resonance at approximately

5 MH~. After rectification and filte ring, a dc output voltage is obtained
which is proportional to disnlacement., Calibration is accomplished by
using a micrometer driven, 190:1 linear motion reducer which displaces
the capacitor platcs a known amount.

2.1.2 Transducer Characteristics

¢.1.2.1 Long Term Drift and Relijability

During early 1967, electronic long-term drift and reliability tests were
performed on a VCT with a fixed capacitor in both tank circuits. The unit
was operated in a borehole at a depth of eight meters to minimize noise-
producing temperature changes in the laboratory and to approximate opera-
tional conditions in an underground vault, The unit was operated continuously
for two months with no electronic failure. Figure 2 shows the electronic
drift over a period of six weeks. Note that initial stabilization required
approximately one week. After two weeks, the transducer exhibited near
linear drift rate of six millivolts per day. Based on outside temperature

s
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readings during the test, this drift is believed to be caused by a small
temperature rise in the borehole which caused changes in the oscillator
crystal frequency, capacitance, and/or inductance.

2.1.2.2 Noise Level

Preliminary measurements of the combrined electronic and mechanical noise
levels of the VCT were obtained by operating the unit shown in figure 1 in

a borehole at a depth of fifty feet. These measurements indicate that the
noise level is approximately proportional to the period in the range from 1
to 100 seconds. The output noise level at 10 seconds is equivalent to about
0.05 to 0.1 millimicrons displacement at a sensitivity of 4 volts per micron.

Tests are planned in the near future to more accurately determine the VCT
ncise level. Both the horizontal and vertical versions will be operated under
their normal environmental conditions in the clamped or ''short rod"
configuration. The noise will be recorded on tape and the spectra

computed.

2.1.2.3 Phase Response

The phase response of the VCT was determined in the laboratory using a
shake table. Figure 3 shows the phase shift of the unamplified transducer
and of the transducer followed by an operational amplifier at a gain of X2.

2.1.2.4 Linearity and Dynamic Range
Laboratory tests were performed to determine the maximum linear output
rangé of the VCT. Results indicate that the transducer is linear within 2%

from noise level to £3.5 volts. This linear range is independent ¢ “ sensitivity.
Calculated dynamic range of the transducer is approximately 90 dB,

2.1.3 Short-term Operation

The VCT has proved very valuable under short-term operating conditions.
Its most important use is in the determination of accurate calibration
constants for the strain seismometers. It has also been of aid in studying
seismometer phase discrepancies and in determining loss of calibration
signals in the horizontal strain instruments.

2.1.4 Long-term Operation

The VCT in its prescent design is severely limited for use as a detector of
routine seismic data. Two specific problem areas are instrument noise
and environmental effects. j
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2.1.4.1 Instrument Noise

By comparing transducer noise levels (paragraph 2.1.2.2 above) and the
average spectrum of microseisms at WMSO, several preliminary conclusions
can be drawn. In the case of the vertical strain seismograph, under optimum
conditions, instrument noise amplitude exceeds the microseismic amplitude
at all frequencies except for a narrow band from about 0.5 to 0. 125 Hz.

Since horizontal strain motion is theoretically about three times greater
than vertical strain motion, microseismic detection with the horizontal
strain is not as limited as in the vertical case. Under favorable conditions,
detection of microseisms is possible in the band between about 1.0 and 0.08
Hz. Beyond these frequencies, instrument noise again exceeds the micro-
seismic level. More detailed information on the seismic detection capability
of the VCT will be available after completion of tests described in paragraph
2.1.2.2 above.

2.1.4.2 Environmental Effects

Data recorded by the secular strain monitor during the last several months
show long-term displacement between the fixed and transducer ends of

the horizontal strain seismometers. As could be expected, the data indicate
a cyclic character, coinciding with long-term temperature changes during
the year. During those seasons when the rate of temperature change is
greatest, displacements averaging 2.1 microns per day have been recorded.
Displacements of this magnitude exceed the linear operating range of the
VCT at maximum sensitivity.

A compensator has been built to eliminate this drift. Although preliminary
tests indicate this approach to be feasible, the possibility of introducing
more noise into the system should not be overlooked.

In general, environmental effects can be significantly reduced by operating
any VCT well below the earth's surface. In the case of the vertical
seismometer which is operated at a depth of about 18 meters, the drift is
much smaller. However, drift remains serious because of the requirement
for operating the vertical strain seismograph at higher magnification.

2.2 AMPLITUDE AND PHASE MEASUREMENTS AT THE FIXED AND
FREE ENDS OF THE STRAIN SEISMOMETERS

Item 1t of the Statement of Work (appendix 1) requires the installation of a
variable-capacitance transducer in the vertical strain seismometer No. 2
and on the NE horizontal strain seismometer in order to measure the
amplitude and phase of the motion actually imparted to the fixed ends of the
strain rods during electrical calibration. A discussion of test results
follows.

i%a

TR 67-59

=




Measurements, using a VCT were made of the displacement of the quartz
tubing at the calibrator near the fixed end and at the data coil on the free
end of the tube on the horizontal strain seismometer. An 80 percent loss
of calibration signal between the fixed and free end was measured on the
nortl. strain seismometer (SN) as shown in the amplitude response curves
of figure 4, and a 40 percent loss of calibration signal in the northeast
seismometer (SNE) as shown in figure 5. Contrary to these results, both
seismometers show only small phase differences between the fixed and {ree
ends in the frequency band of interest (figures 6 and 7), and both show phase
responses in close agreement with theory. In addition close matching of
phase response between strain and inertial seismometers is achieved :
using calibrator motion. Additionally, studies using earthquake data show
no discrepancies that would suggest large loss2s in motion.

It is possible that simulated earth motion induced by the calibrator is
attenuated by the tube suspension during calibration, whereas the suspensions
move with the earth when the seismometer is recording earth strain. It is
also possible that the calibrator is producing a torque due to an imbalance in
sensitivity of the two coils composing the calibrator.

Any loss of motion caused by calibrator torque may be resolved by
measuri1g motion induced by displacement at the fixed end. This measure-
ment would be made at both the fixed and free end. The next step would be
to adapt the electromagnetic calibrator on the vertical strain seismometer
for use on the horizontal seismometer. The necessary modification is
quite simple.

Operation of a VCT to measure motion at the calibrator of the vertical strain
seismometer has been postponed, particularly since the use of an electro-
magnetic (E-M) calibrator to replace the magnetostrictive calibrator has
resolved existing phase discrepancies. There is no evidence of loss of
motion between the fixed and free ends. On the contrary, measurements
with a reliably calibrated VCT on the free end of the vertical strain
seismometer yields a free-end displacement of 0.75 millimicrons per
milliamp of calibrator current. This compares favorably with a theoretical
value of 1.0 mH per mA based on design constants. In addition, ‘the
amplitude ard phase characteristics (figures 8 and 9) of the seismometer
measured at the free-end in response to constant displacement of the

E-M calibrator do not deviate appreciably from those of a linear system.
Also, a comparison of earthquake data between vertical strain, summed
orthogonal horizontal strain, and inertial seismograph outputs reveals no
losses,

To reduce effects that could lead to improper operation of the vertical strain
seismometer, plans exist for operating the seismometer with the VCT
removed to simplify the moving-coil transducer package. Included will be
testing of the seismometer with a shorter (10-mete r) tube section to reduce
problems such as bending of the tube, contact of tube with the borehole casing,
and misalignment of the tube where it enters the transducer package.

-8-
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2.3 SPECIFICATIONS OF THE MATCHING FILTER FOR THE SHORT-
PERIOD STRAIN-INERTIAL SEISMOGRAPH COMBINATION

Successful matching of the amplitude and frequency response of the strain
and inertial seismographs in the short-period range (0.1 - 10 Hz) has been
accomplished with Narrow Bandpa s Filter, Model 28900, designed
specifically for that purpose. Six s.rain char.nels containirng the filter have
been in opetration for eight months. Specifications for the filter were
prepared and forwarded to the Project Office on 14 September 1967.

3, SEISMOGRAPH DEVELOPMENT

3.1 LONG-PERIOD HORIZONTAL STRAIN

3,1.1 Present Status

One of th. most promising applications of strain seismometers is in the
long-period band, 6-100 seconds, where seismic waves are less affected

by crustal inhomogeneity. Three applications of long-period strain seis-
mometers that are discussed later in Section 5 of this report and that justify
a stronger research effort are:

a. The detection of surface waves from an earthquake from one
direction in the presence cf an earthquake from another, using a strain
inertial combination of seismographs;

b. The enhancement of the initial arrival of the long-pe riod body
wave by cancelling Rayleigh microseisms using a combination of the summed
outputs of orthogonal horizontal long-pe riod strain seismographs and a vertical
long-period inertial seismograph;

c. Identification of wave types and earthquake phases from a
comparison of the amplitude and phase between strain and inertial seismographs.

The status of long-period strain instrumentation resulting from a relatively

small development effort is discussed below. . The improvement required to
upgrade the instrumentation to pe rmit full use in the above applications is
also given.

At present, the long-pe riod horizon:al strain instrumentation at WMSO has
been developed tc a capability equivalent to that of the conventional long-
period ine rtial seismograph of 1963. At that time, inertial systems were
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capable of operating at a systern magnification of 5K to 10K at 25 seconds.
Present advanced long-period inertial seismographs operate at gains of
50K to 100K.

Currently, the long-period north strain seismograph (SNL) in the surface
installation at WMSO is operating in combination with a long-period north
inertial seismograph (NLL) at a gain of 10-15K. A block diagram of the
system is shown in figure 10. To obtain matched responses to ground
motion, a filter is required in the strain circuit.

The amplitude responses (figure 11) of SNL and NLL measured early inthe
operation indicate a match within 10 percent in the period range of main
inter=st. This match is considered sufficient for the purpose of evaluating
the directional array capabilities of long-period strain. The phase response
of SNL (figure 12Z) shows the close match between theoretical and empirical
data. Figure 13 shows the close phase match between SNL and NLL,

Figure 14 is an analog playback of the long-period strain channel showing
the relative levels of uncompensated tape noise; system electronic noise;
seismic background and environmental noice; and a plot of wind velocity.
Figure 15 is a playback of portions of a magnetic-tape recording of the
SNL and NLL channels covering the period 1900Z on 10 July to 1515Z

on 11 July 1967. This typical record contains microseismic background
and seismic events. Portions of the record are contaminated with
electrical pulses and wind noise. From figures 14 and 15 and similar
recordings, it is estimated that the magnification of SNL is limited to an
equivalent inertial magnification of about 15K at 25 seconds. The gain is
limited by background noise, the source of which is not known. Figure 14
shows that tape noise and system electrical noise contribute little to the
total noise observed. However, it is obvious that a high correlation exists
between wind velocity and background noise. The effect of atmospheric .
pressure changes is not precluded, although the vault has been sealed to

the point where air pressure changes recorded on a microbarograph in the

vault appear to have low correlation with strain background. The relation

between strain and wind velocity shown in figure 16 suggests that ground

coupled air-pressure changes may be a major source of noise. Mechanical

noise in the strain seismometer cannot be ruled out as a possible source of

noise. Tests using a l-meter strain interval to minimize ground-coupled

air-pressure changes are being prepared to obtain a measure of possible
thermal-mechanical noise in the moving-coil transducer.

Figure 17 contains plots of coherence and phase difference between NLL
and SNL. Spectra of NLL and SNL at equivalent inertial magnifications are
also shown. The relatively high strain amplitudes in the spectrum of SNL,
and the low coherence beiween NLL and SNL at periods longer than 5 seconds |-1
indicate the the source of the noise on SNL is either environmental or in =
the instrument.
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*CALIBRATOR MOTION HAS
BEEN CONVERTED TO
EQUIVALENT GROUND
MOTION

E
:1

FMLL

3
1
TV JULY &7
BWG. 2244138
1.01

¥ F L IR I T & ¥ 47 3 4 T8 7
1.0 i[i] 100 1000
FREQUENCY (Hz)

RELATIVE SEISMOGRAPH OUTPUT AT CONSTANT GROUND MOTION *

Figure 11. Amplitude responses of long-period north strain (SNL) and long-period north inertial
(NLL) seismographs to ground motion showing match within 10 percent in the period range i 8
13 to 100 seconds
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*EQUIVALENT INERTIAL MAGNIFICATION = 30K
(BASED ON A PHASE VELOCITY OF 3.0 KM/SEC
AND A 19-METER STRAIN INTERVAL)
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Figure 14. Analog playback of long-period strnin north (SNL) channel
showing (1) Dummy loaded magnetic-tape recorder output (uncompensated)
(2) Dummy lcaded PTA through tape recorder (3) Seismic background

(4) Plot of wind velocity readings B
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Figure 15. Long-period north strals and inertial playback from
portions of magnetic tape recording showing miczoseisms and
an event contaminated with wind noise and elect.ical pulses

In the interval 190CZ on 10 July to 1515Z on 11 July 1967
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Figure 16. Wind noise as a function of wind speed measured on SNL ;eismogrwns in the period
range 30-60 seconds
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The improved coherence and phase and the increased similarity in spectra of
NLL and SNL during the occurrence of an earthquake is demonstrated in
figure 18.

It is cautioned that although the low correlation in figure 17 is obviously
caused by either environmental or instrumental noise, the coherence for
microseismic background noise is expected to be low in both the short-period
and long-period frequency range, 0.01-10 Hz. This is demonstrated for
short-period microseisms in figure 19. Low coherence is attributed to the
difference in directional responses of the two instruments and the complexity
of the microseismic pattern as proved by the high coherence obtained for 2
regional event.

3.1.2 Required Improvements for Successful Application of Long-Period Strain

In order to improve the signal-to-noise ratioat long periods (15-40 seconds),
the present strain magnifiration must be increased from its present maximum
of about 15K to about 90K \equivalent inertial magnification) to match the
present advanced long-period magnifications (50K-100K) and to cance: micro-
seisms. In order to record Rayleigh particle motion of 40 x 107 meters at
20 seconds, and still be able to cancel these microseisms by at least 12 dB,
we must reduce existing mechanical noise by a factor of four (x4) to the level
of electrical noise, and then increase the sensitivity of the seismometer by

a factor of 6. It is doubtful that environmental conditions in the 4-meter
deep horizontal strain installation at WMSO will be sutficiently stable to

fully accomplish this goal. A possible approuch is to operate a single long-
period horizontal strain seismograph in a mine near Tonto Forest
Seismological Observatory (TFSO), This would be a particularly favorable
location because it would permit comparing the strain directional array

with the inertial long-period array at TFSO. Successful resolution of
20-second microseisms can be accomplished by eliminating what is believed
to be mechanical noise in the suspension of the present transducer coil; by
operating with an improved Alnico 9 magnet of smaller diameter and

greater sensitivity; and using a seismometer 50 meters long.

4, EVALUATION

4.1 OPERATION AT VARIOUS DEPTHS IN THE BOREHOLE

Plans have been made xnd most of the necessary equipment obtained for
operating the vertical strain seismometer at different depths in the 107-
meter steel-cased borehole. The 19-meter seismometer will first be

-23-
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Figure 18. Coherence and phase difference between and spectra of the long-period nosth inertial (NLL) and
the long-period north strain (SN'.) seismograph recordings of a teieseism recorded at WMSO on 21 June 1967;
origin time: 06:49:56.6Z; Peru- Ecuador Border; 2.25; 77.6W; AZ = 153 A= 42°; h= 49 km
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operated 3 meters below the surface. Tests are scheduled for the first week
in October 1967, following installation of new anchors on the selsmometer
in the plastic-cased borehole.

Data will be obtained on changes in differential displacement as a function

of depth; change in coherency between vertical strain and other seismographs;
and the effect of wind and temperature with depth. Changes in differential
displacement with depth will be compared with theoretical values for
fundamental and higher modes. A new seismic velocity model for WMSO
(appendix 2) is the basis for the theoretical data.

4.2 COMPARISON OF THE STEEL-CASED AND PLASTIC-CASE
BOREHOLES

Vertical strain seismometers were operated simultaneously in both a steel
and a plastic-cased borehole at the same depths, 18 and 36 meters below .
! e surface, to determine the effect of steel casing on signal character.
Analysis of microseisms recorded before May 1967 established that the
recordings of the vertical strain seismometer in the plastic-cased bore-
hole were more coherent with the summed orthogonal horizontal strains
than were the recordings made in the stee€l-cased borehole over the
frequency range 0,14-1.0 Hz, figure 27.

®
To determine if the poorer coherence of data recorded in the steel-cased
borehole was caused by the borehole or seismometer, the two vertical
seismometers were interchanged in May 1967. The seismometer formerly
in the steel-cased borehole was operated in the plastic-cased borehole and
the seismometer forme rly in the plastic-cased borehole was operated in
the steel-cased borehole. Coherence computed for the recordings of an
earthquake and the microseisms immediately preceding its P arrival
(figures 21 and 22) show the data recorded in the plastic-cased borehole
less coherent with the summed NE and NW strain than the recordings
made in the steel-cased borehole. Comparing these data with those
obtained before the interchange, poor coherence is seen to follow the
seismometer rather than remaining with the borehole.

Although a problem with the seisrometer appears present, some
uncertainities also exist for this evaluation. From figures 23a through

23d measured vertical strain in the plastic-cased borehole is seen-to ' . .
compare most favorably with the sum of the north and east strains whqreasq
the vertical strain in the steel-cased borehole compares most favorably
with the sum of the northeast and northwest strains. Coherence between

the recordings of the two vertical strains, however, is low (figure 23e).

- aese results indicate that the recordings of the two pair of summed
horizontal strains should alsc be relatively inzoherent: Poor coherence
however is not observed (figure 23f).

e
TR 67-59 T




COHERENCE
SQUARED

COHERENCE
SQUARED

COHERENCE
SQUARED

L}

1
$22 - SNE, NW) '1 Jf
"' VA

il

i i s i i
L e e i T Lada 3 - #

0.1 1.0
FREQUENCY (Hz)

(SZ1 - =NE, NW) \J\/\ J\A

-3

4 N $
o = Y rye T

0.1 1.0
FREQUENCY (Hz)

(521 - $22)

Livnil
Ty

0.1 1.0
FREQUENCY (Hz)

Figure 20. Coherence between the verticai strain iocated in the plastic-cased borehoie (SZ2) and the crossed
strains (2 NE, NW), top, coherence betwesn the vertical strain jocated in the steei-cased borehoie (SZ1) and
the crossedstrains (X NE, NW), center, and coherence between the two verticai strains (SZ1-522), bottom,
itiustrating poor coherence associated with SZ1. The recordings were made before the seismometers were
interchanged in the borehoies and are of microseisms
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From the data examined, poor coherence between vertical strain recordings
appears to be caused by the seismometer which is in the plastic-cased
borehole; however, the possibility of other complications has not been
excluded.

5. APPLICATIONS

5.1 SHORT-PERIOD DIRECTIONAL ARRAY G

Online operation of the short-period strain directional array terminated
11 August 1967. The Develocorder (WMSO-No, 6) on which the array had
been recorded was returned to WMSO"upon the request of the WMSO
Project Officer. ' z - ;

Recordings by the array are being assembled and’'analyzed to verify the
effectiveness and limitations of the directional array to enhance signal.
FEarthquakes from essentially the same azimuth’but differeni distances
are being examined to evaluate the ability of the array to enhance P-waves
by signal addjtion as a function of epicentral distance. The extent to which
each element of the array will be able to reject microseisms is being '
examined as 3 function of frequency by computing gohe rence between
horizontal stradn and inertial recordings of microseisms.

5.2 LONG:-PERIOD HORIZONTAL STRAIN DIRECTIONAL ARRAY

The abili¢y of the long-period strain directional array to detect surface
waves from an earthquake from one direction in the presence of surface
waves of an earthquake from another is demonstrated in figure 24. This
record was made by sﬁperir’nposing magnetic-tape recordings of an event
from Alaska on an event record from South America. The Alaskan event
(No. 1) on the north inertial (NLL) is displayed in trace 1. The South
American event (No. 2) is shown on trace 2. The composite of traces
1 and 2 are shown as trace 3. The summation of strain and inertial :
seismograph outputs producing cancellation of trace 2 and enhancement
of trace 1 is shown on trace 4. s g ot

A

- ©

Figure 25 shows the individual strain and inertial traces of event No. 1
and their summation (summed in phase to add signals from the north).
Figure 26 shows the individual strain and inertial traces of event No. 2
and their summation (summed to cancel signals from the south),
L i) !
System magnifications were set for maximum cancellation of Rayleigh
waves. However, the marked differences in strain and inertial trace °
b ST 3
- '30-
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Figure 23. Coherence between verticai (SZ1 and $22) and crossed
strains (XN, E and = NE, NW) showing that the verticai strain in
the piastic-cased borehoie compares most favorably with the sum
of the north and east strains whereas the vertical strain iPthe
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DATE: 23 JUNE 1967

ORIGIN TIME:  11:54:52.7Z
CENTRAL ALASKA
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Figure 24. Superposition of magnetic re
(Event No. 1) and an earth
the strain directional arra
is suppressed
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ORIGIN TIME:  06:49:156.62
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Figure 24. Superposition of magnetic recordings of an earthquake from Alaska
(Event No. 1) and an earthquake from South America (Event No. 2) recorded on
the strain directional array at WMSO. Event No. 1 is enhanced and Event No. 2
i's suppressed
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Figure 26. Tape playback of Event No. 2 (see figure 24) showing strain, inertial, and sum
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A layered model for (WMSO) has been hypothesized and will be used in the"‘/
theoretical study. This model was based upon a shallow velocity refraction
survey, a sonic-velocity log in the 60 m (200 ft) deep shallow-buried array
hole U6, published longitudinal and shear velocities for granite, a quarry
blast study made jointly by Souihe rn Methodist University and WMSO, a
crustal study of Oklahoma made by the University of Tulsa, and WMSO,

and Taggart's (1962) apparent P, velocity distribution. The model is
presented in detail in appendix 2.

5.4 SPECIAL RECORDING

5.4.1 Data for Multiple Coherence Studies

Magnetic tape and film records from 4 WMSO shallow-hole seismographs
and 6 strain outputs covering Run Nos. 199 through 205 in July 1967 were
forwarded to the Project Office for use in multicorrelation studies at
Seismic Data Laboratories. Maximum bursts of micrnseisms were
recorded at approximately 3 dB below the distortion point of the tape
recorder to achieve a maximum signal-to-noise ratio.

Three additionzl Johnson-Matheson Seismometers, Model 4680, are

available for operating in the strain vault if it is found that the space
separation of the shallow-hole instruments causes excessive incoherence,
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amplitudes that cannot be explained by velocity diffecrences occur in several
groups of Rayleigh waves. The hypothesis by Evernden (1954) suggesting
the possibility of arrival of surface waves by other than great circle paths
could explain the variation in strain-inertial amplitude ratio.

A ctudy of these variations leading to a characterization of the pattern could
be useful for establishing a program for automatic equalization of the ratios
for maximum cancellation.

5.3 USE OF STRAIN AND PENDULUM SEISMOGRAPHS FOR
WAVE IDENTIFICATION

Comparisons of strain seismographs to pendulum seismographs have been
made by Benioff (1935), Benioff and Gutenberg (1952), Benioff (1962),
Romney (1964), Major, Sutton, Oliver and Metsger (1964), Mikumo and Aki
(1964), Gupta (1966, a,b), Shopland (1966), and Huang (1967). All of these
investigators have used either the basic theory from Benioff's original paper
in 1935 #2nd/or have dealt with an isotropic elastic half-space. All have
considerec strain for wave lengths that are long compared to the length of
the strain rod. Gupta and Huang considered body waves at various angles

of incidence at the surface of a half-space and calculated the strain response
as a function of the angle of incidence. Gupta (1966b) also determined that
the effect ofa finite depth and a finite length of the vertical strain instrument
had a significant effect on the response to P and SV waves. Girard, Kirklin,
Sherwir. and Shopland (1967) also extended Huang's results to plot
horizontal and vertical differential displacement for SV waves as a function
of the angle of incidence. Benioff and Gutenberg and Mikumo and Aki
demonstrated that the response of a strain sesimograph compare# with that
of a pendulum seismograph from different earthquake phases cai. provide
valuable phase identification criteria not available with either type of
seismograph by itself,

A combined theoretical and empirical study starting with the above references
is being undertaken to devise techniques for the use of strain and pendulum
seismographs for wave identification. The empirical study will be made
initially, using earthquakes producing clearly defined phases on the seis-
mograms. The response of individual and combined strain instruments to

the basic wave types will be determined and compared with that of the
pendulum instruments and to the theoretically predicted response. In the
theoretical study differential displacements will be predicted from a

layered model primarily using the Thompson-Haskell matrix formulation

and existing computer programs. It is believed that use of the calculated
response of the layered model will assist in interpreting relationships
between the vertical strain and the vertical pendulum, and provide information
for establishing wave identification techniques. . '
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APPENDIX 1 to TECHNICAL REPORT NO. 67-59

STATEMENT OF WORK TO BE DONE
AFTAC PROJECT AUTHORIZATION NO. VELA T /5081




EXHIBIT "A"

STATEMENT OF WORK TO BE DONE

AFTAC Project Authorization No. VELA T /5081

1. Instrumentation Development

a. Complete the development of the variable-capacitance transducer
to extend the strain seismograph response to longer periods.

b. Comn»lete the modification and testing of the seismometer
transducers, amplifiers, filters, and associated circuitry to insure a
consistent phase relationship between pendulum and strain seismographs.

c. Designand install secular strain monitcrs to improve the
horizontal strain seismograph ope-ation.

d. Improve the stability of the seismograph circuitry by installing
a separate phototube amplifier shelter.

e. Install a variable-capacitance transducer on vertical strain seis-
mometer No. 2 and on the NE horizontal strain seismometer in order to
measure the amplitude and phase of the motion actually imparted to the
fixed ends of the strain rods during electrical calibration, '

2. Seismograph Development

a. Vertical Strain Seismograph

(1) Complete this design of the vertical strain seismograph
by improving the anchor design, reshaping the instrument sections, and
improving the mechanical reliability relative to installation, position locking,
and removal.

(2) Improve the operation of the vertical strain seismograph
by incorporating the developments listed in paragraphs la, 1b, and 2a(l).

b. Horizental Strain Seismographs
(1) Improve the design of the horizontal strain seismographs

by the addition of secular strain controls and seismograph housing
modifications.

TR 67-59, app 1
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(2) Improve the operation of the horizontal #train seis-
mographs by incorporating the developments listed in paragraphs
la, 1b, lc, 1d, and 2b(1).

3. E-aluation

a. Veitical Strain Seismograph. Test and evaluate the operation
of the improved vertical strain seismcgraph in a new uncased borehole
to be located adjacent to the present cased borehole. The uncased borehole
is to be oil-filled and may contain the following features:

(1) Steel casing s:ctions may be used for instrument anchor
locations if the sections are decoupled from each other so that longitudinal
casing rigidity is less than that of the surrounding rock formation.

(2) A continuous plastic casing may be used to maintain
wall smoothness and hole integrity provided that the plastic is more
compliant than the surrounding rock formation.

(3) Combinations of (1) and (2) may be used. In all
instances where instrument anchors must lock against a borehole liner,
the liner must be rigidly bonded to the borehole wall.

To facilitate the positioning of the instrument in the borehole, a permanert

anchor may be used in the cased and uncased holes. This fixed depth

operation might help to avoid the anchor malfunctior.ing which has been

experienced, 3

b. Horizontal Strain Seismographs. Test and evaluate the operation
of the improved horizontal strain seismographs in their improved housing. r

c. Study the efiect of the depth of the vertical strain seismomete r
on the coherence between outputs of the vertical strain seismograph and a

pair of horizontal strain seismographs.

4. Applications

a. Record seismic data at Wichita Mountains Seismological
Observatory on magnetic tape and 16 mm film; process magnetic tape data
at the Geotechnici ! Corporation's central data processing facility and
elsewhere as required; and dete rmine spectra, phase, and coherency among
the vertical strain, horizontal strain, and several pendulum seismometer
control signals.

TR 67-59, app |




b. Experimentally corroborate the vertical strain seismograph
performance relative to the 2 crossed-horizontal strain seismographs to
verify that true earth strains are faithfully recorded by the vertical strain
instrument,

c. Develop a thorough understanding and evaluation of the phase and
amplitude performance of the strain seismographs and related pendulum
systems.

d. Determine the usefulness of strain seismographs when used
singularly and in combination with inertial instruments for wave identification,
signal enhancement, detection of long-period signals, and rejection of noise
arriving from selected azimuths. Determine the usefulness of strain
seismographs in distinguishing between earthquakes and explosions. Schedule
the program so as to provide preliminary results on the P-wave enhancement
portion of the program not later than 30 Sept 65.

e. Investigate the extent of actual noise suppression and signal
enhancement possible through various combinations of the strain and pendulum
seismographs at WMSO and compare the results with signal-to-noise improve-
ments predicted by theory.

(1) Collect data from the strain-seismograph system at WMSO
and the companion pendulum seismographs.

(2) Analyze the collected data to determine the similarities
and differences in character and composition of signals and noise measured
by the strain and pendulum instruments,

(3) Ascertain theoretically and demonstrate experimentally
the improvement in P-wave detection, enhancement, and identification possible
using strain and pendulum seismographs in various combinaticns.

(4) Analyze a limited number of strain data from at least one
other location for comparison with WMSO data.

f. Establish and provide the operation and analysis procedurss
necessary to operate comparable multicomponent strain seismograph facilities
at other locations.

TR 67-59, app 1




*5. Drawings

Provide drawings and specifications on items specified in paragraphs
2a(l), 2a(2), 2b(1), 2b(2), and the uncased borehole as outlined in paragraph
3 according to Data Items E-23-11.0, E-2-11.0, E-4-11. 0, E-5-11.0,
E-7-11.0, and T-13-28.0 contained in AFSCM 310-1. These drawings shall
conform to the instructions contained in Attachment 2. Wherever Data Items
conflict with Attachment 2, the latter will take precedence. Reproduction
shall be accomplished in accordance with Data Item E-4-11.0, paragraphs
lb, 1£, 7, 9, 10, 11 and 12¢c(3), microfilm on aperture cards and non-
reproducible paper copies. Index card keypunch format may vary from
specifications as approved by AFTAC through the Project Officer. Apé rture
cards should be furnished in 2 copies, 1 positive and 1 negative,

6. Reports

Provide monthly, quarterly, final, milestone, and special progress
reports in accordance with Data Item S-17-12.0, first sentence of para-
graph 1. Wherever the Data Item conflicts with Attachment 1, the latter
will take precedence. All reports under this project will be forwarded to
HQ USAF (AFTAC/VELA Seismological Cente r), Wash., D.C, 20333,

*For the purposes of this contract, the provisiors of paragraph 5 of this
Exhibit 'A' are hereby waived. In lieu thereof, the following provisions

shall apply.

"5. Drawings. Drav;/ings shall be furnished in accordance with the
provisions of line item 7 of the DD Form 1423 and attachments

thereto."
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APPENDIX 2 to TECHNICAL REPORT NO. 67-59

SEISMIC VELOC. TY MODEL FOR THE WICHITA MOUNTAINS
SEISMOLOGICAL OBSERVATORY

NOTE: This appendix is a reproduction without modification

of a memorandum submitted to the Project Office on 5 September
1967. It is here provided in support of statements made in
Section 5.3 of the preceding text.




MEMORANDUM 22 August 1967

FROM: James E. Fix

SUBJECT: Seismic Velocity Model for the Wichita Mountains Seismological
Observatory

1. INTRODUCTION

This memorandum reviews the published seismic velocities, the geology, the
gravity, and the magnetic field of the Wichita Mountains of southwestern
Oklahoma. A model is hypothesized for the longitudinal wave velocity (Vp)
and the shear wave velocity (Vg) from the surface to below the Mohorovicic
discontinuity (Moho). Because of numerous igneous intrusions, the model will
not be exact for the entire area but it will estimate average values of the
velocity structure in the Wichita Mountain horst. The model assumes that
layering and major joints visible on the surface are limited to a 500 m depth.
Sources for the data are cited and the assumptions made in arriving at the
model are discussed. Section 2 presents the model and discusses the data
from which it is derived. Section 3 briefly describes the regional geology,
section 4 discu:ises possible additicnal refinement of the model, and section 5
lists precautions in using the model. References are given,

2, SEISMIC VELOCITY MODEL

2.1 The Model - Figures 1 and 2 present the seismic velocity model
hypothesized. Table 1 lists the velocities corresponding to the curves,
Table la lists a layered approximation to the velocity cur res for use in com-
puter programs that calculate dispersion curves and amplitude vs depth. (All
figures and tables 1 and la are «t the end of the memorandum. )

2.2 Data Contributing to the Model - The longitudinal seismic velocity
(Vp) model is based upon a shallow velocity refraction survey at the Wichita
Mountains Seismological Observatory (WMSO) with an 8 1b sledge hammer and
a Dyna Metric Seismic Timer, a sonic-velocity log taken to the full 200 ft
(60 m) depth of the shallow-buried array hole U 6 (at WMSO), published
velocities for Woodbury granite, a sonic-velocity log made in an exploratory
granite hole of 10, 000 ft depth in Wyoming, a quarry blast study made jointly
by SMU and Geotech about WMSO, a crustal study of Oklahoma made by the
University of Tulsa, and Herrin and Taggart's apparent Pp, velocity distribution.
The shear velocity (Vg) model is based upon the theoretical relationship to Vo
and published values of shear velocities. In general all data ‘agree and none
of the data positively contradict the other sources. The major difference is
between the quarry blast study which yielded two layers above the Moho and
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the crustal study of Oklahoma which yielded three layers. Details of the
various studies are summarized below. In the following sections longitudinal
velocity Vp Wwill be intended wherever the word velocity is used without a
modifier.

2.2.1 Shallow Refraction Survey - The shallow refraction survey is
reported by Kim and Tiroff (1964). An 8 1b sledge hammer provided an input
to a Seismic Timer, Dyna Metric Model 117. Data were taken in the vicinity
of nine seismometer vaults at WMSO. Results of the survey show a thin
low velocity layer underlain by a higher velocity layer. Values varied from
vault to vault. The average values and range of values are given in table 2.
Figure 2 of part 4, TR 64-1 (Kim and Tiroff) summarizing the results is
attached.

Table 2. Apparent surface velo:ities (Vp) at WMSO

Average
of 9 values High Low
Thickness of top layer 1.5 m (4.9 ft) 9.3 ft 2.1 ft
Apparent Vp, first layer 472 m/sec 677 m/sec 290 m/sec
Apparent Vp second layer 2. 96 km/ sec 4.57 km/ sec 1.71 km/sec

s

The average values for the surface layer are included in the model. The
velocity of the second layer is quite variable and is low for that expected for
granite. Itis suspected that this low velocity is the result of weathering and
severe jointing and layering in the area as discussed ir. section 2.2.4. The
velocity of the second layer in the model is taken as the average of values
determined dur.ng the shallow reiraction survey. As shown in the survey, the
results vary considerzoly from one vault to another; therefore, the model will
only be ar approximatiun to true conditions. The thickness of the second layer
in the model is taken as 3 m (10 ft). This thickness was taken because (1)

the sonic-velocity log described in section 2. 2.2 shows a higher velocity he-
low a depth of 15 ft and (2) the shailow refraction survey data do not have
sufficient resolution to rule out the higher welocity at this depth. If the model
is correct in the thickness of the top two layers and in their velocities along
with the velocity under the second layer, the refraction survey would indicate
the third layer at a traverse distance of abour 45 ft. Most of the traverses
were 70 ft which includes this distance. However, the ! millisecond resolution
of seismic timer could introduce errors that would not clearly show a third
velocity with only the two or three data points available beyond 45 ft.

" ik
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2.2.2 Velocity Log of WMSO Hole U 6 - Brown (1966) presents a
sonic -velocity log from one of thirteen holes drilled tc a depth of 200 ft for
a shallow-buried array at WMSO. Figure 3 from his report (TR 66-95) show-
ing this log is attached. The log shows at least seven tow velocity "spikes"
tha. are probably due to joints and layers in the rock. A bulk density log was
also obtained. The density detern.ined by the log is 2. 60 z0. 05 g/cm'2 which
is lower than the 2. 62-2, 69 range for granites summarized by Press in Clark
(1966). The low density indicates the pcssibility of some porosity. The
iayering indicated by the low velocity "spikes, " the visible major joints
observed on the surfa_e, and the low density all lead to the assumption that a
low velecity should be observed for the granite composition rock below the
weathered layer throughout the Wichita province. Velocity for depths between
4.5 m (15 {t) and 61 m (200 ft) for the model is taken from this log as
56.5 x 107 sec/ft = 17,700 ft/sec = 5. 39 km/sec. The log also indicates a
low velocity layer from a depth of 12.5 m (41 {t) to a depth of 15 m (50 ft)
that is not includel in the model. The average velocity of this layer is
estimated at 85 x 10-6 sec/ft = 11, 770 ft/sec = 3. 59 km/sec. This low
velocity layer is not inciuded in the model because it could be caused by
severe jointing localized near this specific hole.

2.2.3 Velocity Log of Perdasofpy No. 1 - Data are available from a
sonic-velocity log of the Yerdasofpy No. 1 well about 15 miles from WMSO
and northeast of the major fault separating the Wichita igneous province from
the adjacent sedmimentary basin (se¢ section 3 on regional geology). It is
felt that these data do not apply to the WMSO model and they have not been
included in the model. Igneous rocks at depth are overlain by limestones at
Perdasofpy but the densities of the limestones are somewhat comparable to
""granites' and the pressures at depth should be reasonably close to thase from
a continuous column of granite. Therefore, the observed velocities could be
typical of what might be expected if the granites and rhyolites in the WMSO
area were as layered with alternating instrusions, extrusions, and tuff extru-
sions as illustrated by Ham from the Stanolind cores from the Perdasofpy well.
Based on the regional geology, Ham (1963) and Ham et al (1964) interpret the
immediate vicinity of WMSO as having a surface layer o undetermined thick-
ness of the Wichita granites and Carlton rhyolites underlain by the Raggedy
Mountain gabbro. Consequently,the actual structure is probably more com-
petent near WMSO than at Perdasofpy; thus the Perdasofpy velocities have not
been used in the mcdel. Figure 5 from Gertech recport TR 64-33 with the sonic-
velocitics is attached for reference.

2.2.4 Published Seismic Velocities for Granite - Press in Clark (1966)
summarizes V, and Vg for many rock types. The measurements listed are
primarily from Birch (1960, 1961) and Simmons (1964 a, 1964 b). Most of
Birch's measurements were actually made by Herrin and Simmons.
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The Wichita granite is in reality a granodiorite and the Carlton rhyvolite is

the extrusive counterpart with the same chemical composition. Thus both
should exhibit about the same velocity characteristics. Simmons (1967) has
collected rock samples from the Wichita province and at some future date is
going to measure the velocities at several pressures. He expects that at low
pressures the rhyolite will have higher velocities than the granite because of

a finer grain structure. At higher pressures, he expects both to have the same
velocities,

Birch and Simrnons' granite from Rockport, Massachusetts, when modified for
temperature effects would match Herrin and Richmond's (1960) granite model
taken from Hughes and Maurette's (1957) Woodbury granite. These velocities
are lower than many ''granites' but fit the observed data fairly well. A lower
velocity granite is substantiated by the average value of 5. 6 km/sec for the
upper layer measured in the guarry blast study and the average value of

5.96 km/sec for the upper layer measured in the crustal study.

Herrin and Richmond's granite model for both V, and V¢ in table 3 is adopced
as the asymptote for the WMSO model. The WMSO velocity model approaches
Her 'in and Richmond's mocdel at a 0.5 km depth.

Values for Vg for the two thin surface layers and the 200 ft depth are all
calculated from Vp using Hughes and Maurette's value of 0. 263 for Poisson's
ratio at a 2 km depth. Because of other greater uncertainties, 0.263 was
used as a constant at all depths.

Table 3. Herrin and Richmond ' Hughes Model'" Woodbury Granite

P velocity S velocity
Depth - km/ sec km/ sec
0 5.59 3.19
1 5.90 3.34
2 6. 05 3.43
3 6.11 3.48
4 6. 14 3.52
5 6.15 3.54
6 6.15 3.56
i 6. 15 S 8,
8 6.15 3,59
9 6.16 3. 60
10 6.16 3.60
11 6.16 3.61
12 6.16 3.62
. ) A 00,
o b opded s RS L
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2.2.5 Velocity Log for Cased Exploratory Hole ""A' - An exploratory
hole was drilled to 10,000 ft depth in granite .n the Wind River Uplift in west
central Wyoming. The geology is entirely different from the Wichita province
in that the entire section of the Wind River Uplift was essentially the result of
a single episode and is generally free from the layering of the Wichita province
which has been subjected to many episodes of extrusion of rhyolite and intru-
sion of granite laid over the underlying gabbro. The sonic-velocity log of the
Wyoming hole (figure 2 TR 65-76 attached) corresponds very well with Herrin
and Richmond's model with a velocity below the weathered zone of about
5.5 km/sec and a velocity at a depth of 3 km of about 6.1 km/sec. The low
velocity layers are probably caused by high temperature in regions of higher
radioactivity content found in the hole.

2.2.6 Quarry Blast Study - A study of the crustal structure in the
vicinity of WMSO was made in 1964 jointly by SMU and Geotech using priraarily
nonreversed profiles from two major quarries. Results of the study (Geotech
TR 64-118, 1964) indicate an upper layer 19.7 km thick with an average
velocity of Vp = 5. 6 km/sec arnd a lower layer, still above the Moho, of undeter-
mined thickness with an average velocity Vp = 7.3 km/sec. The single velocity
of 5. 6 km/sec is taken to be the result of an average velocity derived from
fitting a straight line to tne data rather than a curved line that is indicated by
the variation of velocity with depth as pressure and temperature increase.
Thus, it is believed not to contradict the granite model.

The WMSO model uses the 19. 7 km depth to the bottom of the granite and the
7.3 km/ sec velocity of the lower layer. At this depth the pressure is about

5 kbar. The 7.3 km/sec is a high velocity for a gabbro composition so the
underlying layer is probably more basic than gabbro and is probably an olivine
rich gabbro. A velocity ratio from Birch and Simmons for a dunite from
Webster, North Carolina, has been used to calculate Vg = 4,13 km/sec for

the model.

2.2.7 Crustal Study of Oklahoma - In 1964 the University of Tulsa (Qualls
1965) in cooperation with the University of Wisconsin, Jersey Production
Research Company and Seismograph Service Corporation made a reversed
profile refraction study of the crustal structure of Oklahoma from a point
southwest of WMSO to a point northeast of Tulsa. Qualls' MS Thesis (1965)
describes the work in detail, and Tryggvason and Qualls (1967) summarized
the results in the most recent JGR as follows:

a. 0-0.54 km depth sediments V, = 4. 0 km/ sec;

p

b. 0.54 - 13,7 km depth V_, = 5.96 £0. 01 km/sec;

P
c. 13.7 -29.6 km depth Vp = 6. 66 £0. 01 km/sec;
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d. 29.6 - 50.9 km depth Vp = 7.20 £0. 02 km/ sec:
e. 50.9 km depth Moho Vp = 8.32 £0. 02 km/ sec;
. All layers essentially horizontal,

The crusta! study included a major portion of the State of Oklahoma, whereas,
the quarry blast study described above remained closer to WMSO. Because
the quarry blast study revealed only two layers above the Moho, and because
two layers are hypothesized from the regional geology, only a two layer model
is considered in the WMSO model. Qualls upper layer velocity of 5. 96 km/ sec
is not significantly different from the quarry blast study upper layer velocity
of 5. 6 km/sec. It also would fit the low granitic velocities well. Qualls lower
layer velocity of 7.20 km/ sec is close to the quarry blast study lower layer
velocity of 7. 3 km/ sec. In the WMSO model, Qualls average depth to the Moho
of 50. 9 km is adopted althouyh it might be another 1.2 km deeper in the WMSO
vicinity. The model adopts Qualls value for Vp = 8. 32 km/ sec below the Moho.

The Moho velocity is higher than normal but is in excellent agreement with
Herrin and Taggart (1962). The quarry blast study used data from WMSO and
the Perdasofpy site (APOK), and estimated a Moho velocity of 8.4 km/ sec
for a Gulf of California earthquake and a velocity of 8.5 km/ sec for an acci-
dental explosion in San Antcnio, Texas.

Both models adopt Vg = 4. 63 km/sec below the Moho. This velocity was
calculate i from V, using Poisson's ratio calculated from Bullen's velocities
in the n untle (Bullen, 1963).

3. REGIONAL GEOLOGY

The regional geology of the WMSO region is described in detail in Ham (1963)
and Ham, Dension, and Merritt (1964). Geotech (1964, TR 64-103 Rev) and
Phelan (1965) report on a gravity and magnetic survey of the Wichita Mountains
on a regional basis and of WMSO on a detailed basis. Figure 9 of TR 64-103
(attached) shows ‘Ham's interpretation of the geology. Figure VI from Qualls
(1965) gives a larger scale cross section.

Surface outcrops and well control indicate two major periods both with repeated
igneous activity. There are five major basement rock groups in the Wichita
Province. The oldest is the Tillman Metasedimentary Group which is at least
15,000 ft thick but is not thought to underlie WMSO. The intermediate age
rocks which probably underlay WMSO are the Navajoe Mountain Basalt -

Spilite G'I;oup and its intrusive equivalent, the Raggedy Mountain gabbro. The
Navajoe Mountain Group consists of basalt, spilite, andesite, and tuff. The
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total thickness is probably several thousand feet. The Raggedy Mountain
gabbro consists of diallage and olivine gabbro, anorthosite, and diorite. Itis
a layered intrusion in excess of 10, 000 tt thick and was injected as an elongate
lens into the Tillman metasediments. One of the youngest rocks of the Wichit-
Province is the extrusive Carlton rhyolite which flowed onto a land surface
and represents an extensive volcanic field at least 4500 ft thick. The other
young rock is the Wichita granite which was emplaced as sills intruding the
lower part of the Carlton rhyolite and in part occuring as irregular plutons
and sills cutting all other rocks of the Wichita province.

As indicated in figure 9 of TR 64-103 and figure VI of Qualls, the Wichita
Mountains are a horst raised above sedimentary basins on both sides by
repeated faults. The major faults at the contact with the igneous uplift are
about 36 miles (57. 9 km) apart.

The regional gravity data substantiate the geologic evidence for a higher density
material underlying the rhyolite and granite. Phelan in his Thesis (1965) and
the Geotech report (TR 64-103) has approximated the observed residual gravity
anomaly by a gabbro body approximately 36 miles (57. 9 km) wide, less than

2.1 miles (3.4 km) beneath the surface, less than 4. 8 n:iles (7.7 km) thick,
with two roots extending downward 6 to 8 miles (9-1/2 to 13 km). As in all
gravity work, this solution is not unique, but it provides a close match between
observed and theoretical gravity. The depths and thicknesses hypothesized by
Phelan do not agree with the seismic velocity model.

4. POSSIBLE ADDITIONAL REFINEMENT

The model presented here is based on the expected geologic structure and some
longitudinal wave velocity measurements, Additional refinements can be made
by detailed analysis of wave transmissions in the WMSO vicinity by comparison

of theoretical and observed velocities. To date a study of this type has not been -
made. :

5. PRECAUTIONS IN USE OF MODEL

The hypothesized model should be representative of the seismic velocities in
the WMSO area. However, it should be remembered that the Wichita Moun-
tains are an igneous horst about 36 miles (57. 9 km wide) lying between two
sedimentary basins. Surface waves or apparent surface waves with wave
lengths short compared to this width will be controlled by the velocity profile
of the Wichita province. Surface waves with longer wave lengths will be
affected some by the velocity structure of the sedimentary basins,and as wave
length increases, to an increasing extent by the deeper structure. Qualls'
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model given in 2. 2. 7 is suitable for the sedimentary basins. Since Qualls!'
model contains high velocities for sedimentary basins, his velocities are close
to those of the WMSO igneous model; therefore, extreme changes in wave
character are probably not to be expected. However, Herrin and Taggart
(1965) have experienced about a 17 degree shift in apparent azimuth of approach
at WMSO for signals from the Nevada Test Site. Consequently, some major
refractions are taking place for short epicentral distances, probably at'the
major faults at the limits of the horst.
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